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ABSTRACT 


Mechanical  propeci.it ;;  ol  t.ypeu  3<  »i  ,  -;10,  jlo,  and  jk’f  stainless 
steels  in  plate  form  were  studied  from  room  temperature  down  to  -2o9  C. 
Both  the  base  metal  and  weld  deposits  were  tested.  Charpy,  true  stress- 
strain,  and  notched  tensile  properties  were  examined. 

The  effect  of  testing  temperature  upon  the  tensile  sti-ength,  elonga¬ 
tion,  reduction  of  area,  t  me  stress  at  maximum  load,  true  stress  at 
fracture,  uniform  strain,  . raoture  strain,  and  notched  strength  ratio  is 
illustrated.  Companion  da;a  for  Charpy  impact  energy  are  also  included. 
The  310  and  316  alloys  are  shown  t.u  be  insensitive  to  notches  at  low  tem¬ 
perature,  whereas  file  301  and  ■diY  al  leys  are  notch  sensitive. 
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INTRODUCTION 


The  increased  use  of  liquefied  gases  in  missile  propulsion  systems 
has  created  a  demand  for  engineering  materials  with  good  mechanical  prop¬ 
erties  at  cryogenic  temperatures.  As  a  result  of  this  demand,  considerable 
data  have  been  published  recently1"  on  the  cold-rolled  austenitic  stain¬ 
less  steels  in  sheet  form,  due  mainly  to  the  efforts  of  the  missile 
Industry. 

However,  the  demand  has  not  been  met  for  impact  and  tensile  properties 
at.  cryogenic  temperatures  of  austenitic  steels  in  bar  and  plate  form  and, 
especially,  in  the  welded  condition.  With  a  few  exceptions,6 ,e  published 
data  does  not  include  true  stress-strain  data  below  -196  C  nor  does  it  in¬ 
clude  impact  data  at  tempo  raturep.  as  low  as  -263  C. 

The  purpose  of  this  report  Ib  to  present  engineering,  true  atress- 
b train  tensile  properties,  and  impact  properties  of  base  metal  and  welded 
npeclmona  of  AISI  types  301,  310,  3)6,  and  31*7  stainless  Bteels. 


MATERIALS  AND  PROCEDURE 


Hiterlsli  and  Chsmicil  Anal ya I  a 

The  materials  used  in  this  investigation  together  with  the  plate  no¬ 
menclature  and  chemical,  analysis)  are  shown  in  Table  1. 

TABLE  I 

MATERIALS  AND  CHEMICAL  COMPOSITIONS 


Plata 

Tblckn.ii 

(lachai) 

ClaMit  (at.  X) 

Avarag.  Orals 
Dlasat.r 

(■■) 

Material 

C 

Mn 

Si 

S 

P 

Ni 

Cr 

No 

Cb 

301 

13/10 

.075 

1.14 

.41 

.011 

.031 

7.04 

11.13 

.... 

... 

.034 

310 

S/I 

.070 

1.10 

.41 

.003 

.011 

11.70 

34.43 

... 

.130 

310 

S/I 

.Oil 

1.01 

•  4S 

.011 

.011 

12.14 

10.14 

3.11 

... 

.13 

347 

S/I 

.000 

1.40 

.50 

■  010 

.013 

11.0* 

11.10 

.... 

.11 

.013 

Welding  Procidurs 

Plates  13/16  or  5/8-inch  thick  of  the  appropriate  size  to  facilitate 
the  machining  of  3  inch-long  tensile  specimens  and  standard  2-1/16-inch- 
long  Charpy  notch  impact  specimens  were  machined  and  butt  welded  together. 
The  veld  Joint  contained  an  included  angle  of  1*5  degrees.  All  welds  were 
manually  deposited  with  matching  composition  covered  electrodes,  with  the 
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exception  of  type  301  which  was  welded  with  type  3°8  electrode.  Type  3U7 
was  root  bead  welded  with  3/32- inch-diameter  electrode  and  finlBhed  welded 
with  5/32-inch-diameter  electrode;  all  other  types  were  root  bead  welded 
with  l/8-lnch-dlameter  electrode  and  finished  welded  with  5/32-inch- 
diameter  electrode. 

The  welded  and  as-received  blanks  of  types  301,  316,  and  3*»7  were 
annealed  one  hour  at  1093  C  (2000  F)  and  water  quenched.  Type  310  was 
annealed  one  hour  at  1149  C  (2100  F)  and  water  quenched. 

Tasting  procedure 

Standard  0 .252-lnch-diameter  tension  specimens  with  a  1.0-lnch  gage 
length  were  used.  The  notched  tension  specimens  were  0.357-lnch  diameter 
and  notched  50  percent  to  a  0.252-inch  root  diameter.  The  notch  angle  was 
60  degrees  and  the  root  radius  0.002  inch  for  a  Kt  3  6.3. 

Tensile  tests  were  conducted  In  a  Baldwin  60,000-pound  hydraulic 
testing  machine  at  a  controlled  platen  speed  of  0.01  Inch  per  minute.  Low 
temperature  tension  tests  at  -105  C  and  -196  C  were  conducted  In  a  double- 
walled  metal  container.  The  coolants  uBed  were  Isopentane  and  liquid 
nitrogen  at  -I.05  C  and  liquid  nitrogen  at  Its  boiling  point,  -196  C.  Over 
this  temperature  range,  a  diameter  gage7  was  used  to  obtain  diameter  data 
for  true  stress-strain  calculations.  For  tests  at  -269  C,  liquid  helium 
war.  used  In  a  tension  cryostat.® 

Impact  tests  at  temperaturen  from  room  to  -196  C  were  conducted  in  a 
217  ft- lb  Mouton  impact  machine.  Impact  tests  at  -263  C  were  conducted  In 
an  automatic  impact  cryostat- 


TEST  RESULTS 


The  data  obtained  In  this  Investigation  are  plotted  in  Figures  1  to 
13  and  tabulated  in  Tables  II  and  III. 

Engineering  properties 

The  base  metal  tensile  strengths  of  the  stainless  steels  investigated 
increased  with  decreasing  temperature.  Type  3°1  had  tne  highest  strength 
at  all  temperatures,  and  type  3 1C  the  lowest.  The  amount  of  increase  In 
strength  from  room  temperatures  to  -269  C  increased  with  the  strength  level 
from  110,000  psi  for  type  310  to  15k, 000  pel  for  type  301  steel.  It  is 
noted  on  comparing  the  tensile  strengths  plotted  in  Figure  1  with  the  re¬ 
sults  for  the  welded  specimens  plotted  in  Figure  2  that  the  strength  of 
types  310,  316,  and  347  were  almost  identical  for  both  the  base  metal  and 
welded  specimens.  It  is  also  noted  that  type  301  (which  was  welded  with 
type  308  weld  metal)  had  considerably  lower  strength  than  the  base  metal 
over  the  full  temperature  range,  reflecting  the  lower  strength  of  the  type 
308  composition. 
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TABLE  II 

BASE  METAL  TENSILE  PROPERTIES 


i 


TABLE  III 


WELD  METAL  TENSILE  PROPERTIES 
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The  reduction  of  area  of  the  base  metal  generally  decreased  with  de¬ 
creasing  temperature.  The  behavior  of  the  elongation  was  less  consistent, 
often  showing  a  maximum  at  some  intermediate  temperature.  The  elongation 
of  type  310  increased  from  63  percent  at  room  temperature  to  80  percent 
at  -196  C  and  then  decreased  to  63  percent  at  -269  C.  Type  316  reached  a 
maximum  at  -105  C. 

The  elongation  and  reduction  of  area  values  of  the  welded  types  301 
(which  was  welded  with  type  308  weld  metal)  and  316  were  generally  lover 
than  the  base  metal  properties.  The  ductility  of  the  welded  type  3U7 
specimens  compared  favorably  with  the  base  metal  properties. 

The  notched  tensile  strength  of  the  base  and  welded  specimens  shown 
in  Figures  3  and  4  generally  increased  with  decreasing  temperature.  The 
exception  was  the  notch  strength  of  type  301  base  metal  which  decreased 
below  -105  C.  The  notch  strength  of  the  type  301  (which  was  welded  with 
type  308  weld  metal),  while  lower  than  the  base  metal  strength,  increased 
with  decreasing  temperature  to  -269  C.  The  notched: unnotched  tensile 
ratios,  also  plotted  in  Figures  3  and  U,  generally  decreased  with  decreasing 
temperature.  Types  310  and  316  had  excellent  toughness  at  -269  C  in  both 
the  base  and  welded  condition,  while  type  347  had  only  moderate  toughness 
below  -10'j  C.  The  toughness  of  type  301,  however,  was  poor  below  -105  C. 

True  Street-Strain  Properties 

Linear  plots  of  true  stress-strain  for  the  temperature  range  investi¬ 
gated  are  shown  in  Figures  'j  to  8.  The  curves  at  -269  C  were  plotted  from 
data  obtained  from  serrated  load-elongation  curves0  and  instantaneous 
diameter  measurements  obtained  with  the  tension  cryostat.  True  stress 
data  were  obtained  by  dividing  the  area  of  tbe  specimen  at  the  start  of 
the  serration  into  the  peak  load  of  the  serration.  These  data,  therefore, 
reflect  the  upper  envelope  of  the  flow  stress  curve. 

In  general,  the  i low  stress  inrrea3ed  with  decreaoiu6  lemperalui c. 

An  exception  was  noted  in  the  low  strain  region  of  the  curves  for  types 
301  and  3^7  •  These  steels  both  showed  a  region  at  low  strains  where  the 
stress-strain  curves  are  concave  upward.  In  this  region,  the  flow  stresc 
at  -269  C  was  lower  than  the  flew  stress  at  -I96  C-  This  behavior  and  the 
shape  of  the  streBB-straln  curve  can  be  attributed  to  the  stress-induced 
transformation  of  austenite  to  martensite  during  the  test. 

The  flow  stress  of  the  type  301  (type  308  weld  metal)  was  considerably 
lower  than  the  type  301  base  metal  over  the  full  temperature  range •  It 
was  observed,  also,  that  the  concave  upward  trend  was  not  evident  at  room 
temperature.  In  the  welded  type  301  specimens  the  deformation  occurred 
mainly  in  the  type  308  weld  metal. 

The  true  stress  at  maximum  load  <rm  and  at  fracture  a *  indicated  in 
Figures  5  to  8  by  the  filled  and  open  symbols,  respectively,  and  plotted 
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in  figures  9  and  10,  generally  increased  with  decreasing  temperature. 

The  exceptions  were  true  stress  at  both  maximum  load  and  at  fracture  for 
the  type  301  (type  308  welded  metal)  and  true  stress  at  iracture  lor  type 


310. 


True  strain  at.  fracture,  e,  ,  3hown  in  Figure  11,  decreased  with  de¬ 
creasing  temperature.  True  strain  at  maximum  load,  em,  however,  did  not 
follow  this  trend.  The  strain, sm,  of  type  310  increased  with  decreasing 
temperature  to  -105  C  and  remained  relatively  constant  to  -269  C.  For 
types  316  and  3^7,  em  was  relatively  constant  over  the  whole  temperature 
range.  However,  strain  at  maximum  load  for  type  301  decreased  from  O.30 
at  room  temperature  to  O.lh  at  -196  C  and  then  increased  to  O.31*  at 

-269  C. 


The  fracture  strain  ol  the  welded  specimens,  Figure  12,  decreased 
sharply  with  decreasing  temperature.  Strain  at  maximum  load  of  type  301 
(type  308  welded  metal),  also  plotted  in  Figure  12,  decreased  with  de¬ 
creasing  temperature.  The  strains  at  maximum  load  of  the  remaining  weld 
metals  were  higher  a!  -269  than  at.  -I96  C.  The  increased  strain  at 
maximum  load  below  -196  C  was  characteristic  of  the  serrated  stress-strain 
curves  encountered  in  this  region.  Here  the  delormatlon  process  was  not 
continuous  at  any  one  location,  but  rather,  several  necks  formed  before 
maximum  load,  and  the  deformation  shifted  from  location  to  location  at 
each  serration.8 

Impact  Propart  let 

The  base  and  weld  metal  Impact  properties  are  shown  In  Figure  13. 

The  energy  required  to  fracture  the  annealed  base  metal  specimen  of  types 
301,  3IO,  and  3^7  exceeded  the  capacity  of  the  217  ft-lb  Impact  tester 
from  room  temperature  to  -140  C.  Below  - 1 60  C,  type  301  exhibited  a 
sharp  transition  and  fractured  at  155  0  alter  absorbing  106  ft-lb  and  at 
-263  C  with  82  ft-lb.  Type  3**7  fractured  at  -196  C  with  an  absorbed 
energy  of  208  ft-lb  and  decreased  to  161  ft-lb  at  -263  C.  Type  310, 
however,  did  not  fracture  at  -19b  C  nor  at  -263  C.  The  impact  energy  of 
annealed  type  316  reached  a  maximum  of  iy_>  ft-lb  at  -40  C  and  decreased 
to  97  ft-lb  at -263  C.  The  transition  in  type  301  was  caused  by  transfor¬ 
mation  of  austenite  to  martensite  in  this  neat  on  cooling  to  temperatures 
below  -140  C. 

The  impact  properties  of  the  welded  specimens  decreased  with  de¬ 
creasing  temperature,  with  no  sharp  transition.  Type  310,  with  an  impact 
energy  of  120  ft-lb  at  room  temperature,  had  an  absorbed  energy  of  50  ft- 
lb  at  -263  C.  The  remaining  alloys  were  closely  grouped  between  26  and 
30  ft-lb  at  -263  C. 


SUMMARY 


The  mechanical  properties  of  AISI  types  310,  316,  and  3^7 

stainless  steel  plate,  in  both  the  annealed  base  metal  and  welded  and 
annealed  conditions,  were  determined  at  temperatures  from  room  to  -269  C. 
Cnarpy  Impact  and  notched  tensile  properties  were  also  determined.  Type 
301  showed  the  highest  strength  at  all  temperatures  and  type  310  the 
lowest  in  the  base  metal.  The  tensile  strengths  of  typeB  310,  316,  and 
3^T  were  almost  Identical  for  both  the  base  metal  and  welded  specimens. 
Type  301  (type  308  weld  metal)  had  considerably  lower  strength  over  the 
full  temperature  range,  showing  tne  lower  strength  of  the  type  308 
composition. 

The  toughness  of  typen  3'0  and  3 1 ' >  at  -269  C,  as  measured  by  notched- 
unnotched  tensile  ratios,  was  excel  lent,  in  both  the  base  and  welded  con¬ 
dition,  while  type  3,l7  had  only  moderate  toughness  below  -10';  C  and  type 
101  had  poor  toughness  below  -10t  C. 

Type  301  bane  metal  underwent  a  sharp  transition  in  the  Charpy  im¬ 
pact  test  below  -l!»0  C.  Type  310  base  metal  had  the  best  impact,  proper¬ 
ties,  and  exceeded  the  capacity  oi  the  Impact  cryostat,  pendulum  at,  -263  C- 

The  Impact  properties  of  the  welded  specimens  were  lower  than  those 
of  the  bane  rnet.nl,  and  decreased  with  decreasing  temperature,  but  did  not 
show  a  sharp  transition. 
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EtOWSaT:c»;  BESOCTrON  ULTIMATE  TENSILE  STRENGTH 
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TRUE  STRESS  IKSI) 


Figure  6.  AISI  301 

TRUE  STRESS-STRAIN  CURVES  OF  BASE  AND  MELDED  STAINLESS  STEELS  AT  VARIOUS  TEMPERATURES 


TRUE  STRESS-STRAIN  CURVES  OF  BASE  AND  MELDED  STAINLESS  STEELS  AT  VARIOUS  TEMPERATURES 
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EFFECT  OF  TEMPERATURE  ON  TRUE  STRESS  AT  FRACTURE  AND  MAXIMUM  LOAD 


Figure  II.  300  Series  Stainless  Steels  Figure  12.  Welded  300  Series  Stainless  Steels 
EFFECT  OF  TEMPERATURE  ON  TRUE  STRAIN  AT  FRACTURE  AND  MAXIMUM  LOAD 
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